This paper reports some research findings on the parallel evolutions of microstructural properties and thermal diffusivity in strontium titanate. Strontium titanate samples have been prepared via the high energy ball milling technique and subsequently moulded by a hydraulic pressing and followed by cold isostatic pressing. Nanometer-sized compacted powder samples were sintered from 500 to 1400°C using 100°C increments. Strontium titanate formation was observed at as early as 500°C sintering temperature alongside secondary phases. The full formation of strontium titanate was observed at 800°C sintering temperature and above. Average grain sizes showed a fluctuating trend with increased sintering temperatures due to carbonate decomposition at lower sintering temperatures (500 to 800°C) and grain growth phenomenon at higher sintering temperatures (900 to 1400°C). Parallel characterization of evolving thermal diffusivity showed the same trend of fluctuation at low sintering temperatures as indirect relationship but increased with increased grain size due to a lesser amount of phonon scattering. However, thermal diffusivity values decreased with increased temperatures because of increased phonon-phonon scattering.
Introduction
Strontium titanate, SrTiO 3 , is a well known quantum paraelectric material and has greatly garnered interest both for experimentalists and theorist since 1950 [1] . It has been evidenced that strontium titanate, SrTiO3, is a promising candidate for applications in thermoelectric, thermal management applications and modern electronic devices. It is highly attractive because of its desirable thermal, chemical stability and semiconducting behaviour. This compound are still open and still attract much attention since it can be regarded as a model substance that is still closely related to the industrially used modified barium or lead titanates [2] . Thermal diffusivity is one of the important properties that represents ratio of heat conducted through a material to the heat stored per unit volume. This property is very important in matters involving non-steady state heat conduction. Therefore, materials selection decisions that are exposed to elevated temperatures or temperature gradient require the materials scienctist and engineer to have an understanding of the thermal response of the materials. In polycrystalline materials, this thermal response are governed by microstructural properties which would contribute to several phonon scattering mechanisms in the materials. In the previous reports, grain size has been a great influence to the phonon scattering, thus altering the thermal properties in the materials [3, 4, 5] . Lowest thermal conductivity at 300 and 1000 K, obtained in a 55-nm-grained sample, were about 50 and 24% smaller than those of a bulk single crystal [5] . Moreover, Buscaglia et. al found that strong suppression of thermal conductivity can also be ascribed to a moderate amount (10-15 vol.%) of nanopores [3] . These have shown that different microstructural properties would enhance or suppress the thermal transport in a material due to phonon scattering effects. Extensive research had been merely carried out on sample at final sintering temperature by neglecting the parallel evolution of microstructure and thermal diffusivity at various intermediate sintering temperatures. Consequently, systematic studies on microstructure-thermal diffusivity evolution in the nanometer grain size regime are absence. Therefore, much possible essential information has been neglected, thus reducing the capabilities of producing good fundamental scientific knowledge which lies behind the parallel evolution of the microstructure-thermal diffusivity. Hence, the purpose of this study is to elucidate the parallel evolution of the microstructure-thermal diffusivity from an amorphous-crystalline mixture state (nanometer grain size) to a complete polycrystalline strontium titanate (micrometer grain size) and thus filling up the vacuum.
Methodology
The starting raw powder materials, strontium carbonate, titanium (iv) oxide were mixed according to equation (1)
The raw powder materials were mixed and milled using a high energy ball milling machine to produce nanometer-sized powder. The milling process took duration of 12 hours using a SPEX8000D mechanical alloying machine employing a ball mill equipped with hardened steel vials and balls with the used ball-to-powder weight ratio (BPR) being 10:1. Then, monodispersion technique was performed onto the milled powder by completely blending the resulting powder with polyvinyl alcohol as a binder and was sieved with 150 microns sieve. Next, the sieved powder and the surface of the mould were lubricated with 0.3 wt.% zinc stearate. The granulated powder was pressed at 3 tons to obtain a 0.5g pellet sample. The pellet samples were then sintered in ambient air condition with a constant heating rate of 4°C/min at different sintering temperatures from 500 to 1400°C with 100°C increments for 10 hours.
Particle size analysis was carried out by using a Transmision Electron Microscope (TEM). The resulting solid-state phase was confirmed by X-ray diffraction (XRD) using a Philips X'PERT diffractometer. Scanning electron micrographs of the sintered pellets were obtained by using a Nova NanoSEM 50 series. The micrographs allowed grain-size distributions to be determined by the grain-boundary intercept method, involving more than 200 grains per sample. The sample density was determined using the Archimedes' principle. The parallel evolving thermal diffusivity was measured by using a Laser Flash Apparatus (LFA) Neszch LFA457. The data was compared in terms of their parallel evolving morphology and the thermal diffusivity.
Results and discussions
TEM image as shown in Fig. 1 (a) showed that the 12 hours-milled raw material particles were in the nanometer size that had an average around 47 nm. The particle size distribution as shown in Fig. 1 (b) showed the range of particle size between <20nm to 140nm. Nanometer particle size has high surface to volume ratio in which can lead to several interesting properties, including thermal properties in strontium titanate. The TGA and DSC plots of the 12 hours-milled powder heated from ambient temperature to 1400 °C are shown in Fig. 2 . There were three possible weight losses occured in the sample. The first weight loss (*) which the minor weight loss (0.74%) was subjected to removal of moisture in the sample. The loss occured at less than 100°C temperature. The second weight loss (+) corresponded to removal of organic phase like polyvnil alcohol (PVA) and also corresponded to transformation of anatase to rutile structure (7.13%) [6, 7] . The major weight loss (#) occured at 600 to 850°C due to carbonate decomposition (13.68%). Based on the DSC analysis in Fig. 2 , an endothermic peak was observed between 850 to 950°C (red circle in Fig. 2 ). During this stage, the initial formation of strontium titanate phase occured and was followed by its crystallization. Fig. 3 displays a multi-plot of XRD patterns of the samples before sintering and after sintering at 500-1400°C, each for 10 h in ambient air condition. From the analysis of XRD spectra, there was no strontium titanate phase observed after 12 hours of the high energy ball milling alone. Strontium titanate formation was observed at as early as 500°C sintering temperature alongside secondary phases. The full formation of strontium titanate was observed at 800°C sintering temperature and above. At 500, 600 and 700°C, there existed a mixture phases: a small amount of strontium titanate and secondary phases which were strontium carbonate and titanium dioxide. As the sintering temperature increased, the secondary phases decreased and disappeared. With the increased in sintering temperatures from 800 to 1400°C a more pronounced crystallinity reflected in the increase of the major peaks of strontium titanate which demonstrated the improvement in the degree of crystallinity of the sintered samples. As the sintering temperature increased the larger grain size
Main Tendencies in Applied Materials Science would be formed, thus inducing the formation of more crystalline structure. This crystalline structure would reduce the phonon-defects and phonon-boundaries scattering since the amount of grain boundaries decreased with increased crystalline phase [3] .
Fig. 3: XRD analysis for 12 hours milled powder and sintered pellets at different sintering temperatures
The porosity (P) of the samples was calculated by using Eq. (2) where ρ exp is the experimental density determined from the Archimedes' Principle and ρ xrd is the X-ray density.
P= [1-(ρ exp /ρ xrd )] x 100%
(2)
The density trend of the sintered pellets showed a fluctuating trend at the low sintering temperatures from 500 to 700°C and increased generally as the sintering temperature increased from 700 to 1300°C but slightly fell at 1400°C. The fluctuation at low sintering temperatures was caused by the carbonate decomposition and particles rearrangement in the samples at initial stage of sintering. As the sintering temperatures went higher, many pores would be removed and closely-packed grains would be formed, thus producing dense samples. While porosity showed an inversely trend of density from 500 to 1400°C sintering temperature. The inceased of porosity at 1400°C sintering temperature might be due to oxygen vacancies created at high sintering temperature. Due to high sintering temperature of the sample, depending on the thermodynamic conditions, oxygen may leave the lattice, leaving behind the oxygen vacancies [8] .
Fig. 4: Density and porosity for sintered pellets at different sintering temperatures
A study of scanning electron micrographs (Fig. 5 ) showed the evolution of nanometer to micrometer grains by varying the sintering temperatures. As the sintering temperature increased from 500 to 700°C, the grains reduced in size from 59.7nm to 34.1nm. The reduction in grain size in the initial stage of sintering was subjected to the rearrangement of particles and also due to carbonate decomposition. The grain size distributions shifted to smaller grain size from 500 to 700°C sintering temperatures as shown in Fig. 6(a) . From 700°C and above, the grain size started to grow from 34.1nm to 2.6µm. In intermediate sintering stage from 800 to 1100°C, the particles moved closer to form contacts between particles (Fig. 5 ). During final sintering stage from 1200 to 1400°C (Fig. 5 ), many pores were isolated and eliminated by diffusion of vacancies from the pores along grain boundaries. Stable polyhydral grains could be observed during this stage. The grain size distributions for both the intermediate and final stage shifted to larger grains as sintering temperature went higher ( Fig. 6(b) , (c)and (d)). Thermal diffusivity plots as a function of temperature for all sintered pellets is shown in Fig. 7 from room temperature to 500°C. Generally, thermal diffusivity values decreased with increased temperature for all samples. With increased in temperatures, the phonon population became high, thus decreasing the mean free path. At high temperature, the phonon mean free path is temperature dependant and limited by intrinsic phonon-phonon scattering. While at room temperature, phonon scattering at grain boundaries is negligible, and phonon scattering by defects and imperfections is dominating [9] . Based on Fig. 7 , the thermal diffusivity of samples sintered from 500 to 900°C shows low values of thermal diffusivity with no significant difference between each sintering temperatures. The results of this behaviour are subjected to low degree of crystallinity with secondary phases existed in the samples and significant values of amorphous phase. These would enhance the scattering process, thus suppressing the thermal diffusivity values. As the sintering temperature increased, the crystallinity in the samples increased, thus reflecting in significant values of thermal diffusivity. Grain size dependence on thermal diffusivity is plotted as shown in Fig.8 to observe the effect of grain size on thermal diffusivity. It was found that the thermal diffusivity increased with increased grain size due to the decreasing contribution of grain boundaries to phonon scattering when the grain size increased from nano-to-micron sized grains [3] . In samples containing smaller grains and hence more grain boundaries, phonon-grain boundaries scattering is much stronger. However, due to shortened mean free path with increasing temperature, grain boundariesphonon scattering is less significant at high temperatures [10] . Thus, the thermal diffusivity values displaying reduction of thermal diffusivity at high temperature even for the same nanosized grains. 
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The porosity dependence on thermal diffusivity is shown in Fig. 9 . The thermal diffusivity decreased with increased porosity for all sintered samples. As the samples became dense at high sintering temperatures, the thermal diffusivity displayed a much higher values. This could be observed in the samples with less than 20% porosity which it displayed significant jump of values of thermal diffusivity. The presence of porosity significantly reduced the thermal diffusivity, due to reduction in thermal conduction pathways [11] . 
Summary
The parallel evolution study shows strong dependency of thermal diffusivity to microstructural properties through the influence of different phonon scattering mechanisms. Different phonon scattering mechanisms are influenced by several factors: i)
Purity of the samples (degree of crystallinity) The crystalline structure would reduce the phonon-defects and phonon-boundaries scattering since the amount of grain boundaries decreased with increased crystalline phase. ii)
Grain size of the samples The thermal diffusivity increased with increased grain size due to decreased amount of grain boundaries. Nanosized grains would lead to more phonon-boundaries scattering iii)
Defects in the samples With increased amount of porosity contents in the samples, the thermal diffusivity tended to decrease due to increased in phonon-defects scattering.
